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Following a few years after the invention of the charge-coupled de(@eD) in 1970, the
discovery of charmed particles established the need for very high pre¢isienum) detectors for
tracking high energy charged patrticles. This review describes the work which has evolved over the
past 20 years from these disconnected events, both as regards the application of increasingly refined
CCDs to particle trackingin particular as vertex detectors for identifying heavy flavor quarks and

tau leptong and also the advances in CCD detector design stimulated by these requirements. The
lessons learned in this work should provide guidance for the construction of large arrays of CCDs
or active pixel devices in the future in a number of areas of science and technolog¥99®
American Institute of Physic§S0034-67488)00104-X]

I. INTRODUCTION vertices, primary, secondary and possibly tertié®y/, SV,
TV), assigning the tracks unambiguously to their true parent
There has been a long historical link between the techyertices. In Fig. 1 is a sketch of the typical topological infor-
nology of optical imaging and charged particle tracking de-mation contained in high energy jets of particles that result
tectors. Indeed, the adaptation of photographic film for thisrom the production of heavy quarks, and the possibility of
application(nuclear emulsionsprovided tracking detectors extracting this information with the aid of two or more layers
for minimum-ionizing particles(hereafter referred to as of high precision tracking detectors near the interaction point
MIPs), with few um precision: Such detectors have had an (1p). Each jet of particles in this example includes one con-
illustrious history in particle physics; for example, they Wer€taining ab quark, whose deca§SV) releases a charm par-
used exgctly 50 years ago in the first observation of the d&jcle which subsequently decayEV). While Fig. 1 shows a
cay of pi to mu meson&. ) o ) two-layer detector, in practice at least three layers would be
Over the years, the technologies of optical imadisiyl  gesjrable in order to provide redundancy and an internal
largely based on photographic filrand particle trackingin- alignment capability.
creasingly using electronic detectors such as spark chambers \ypat technology could be used for such high-precision
and multiwire gaseous chambgdsifted apart. However, the - getectors? Nuclear emulsions made a partial comeback, but
invention of the charge-coupled devi¢€CD) in 1970" _ their lack of electronic readout and their inability to selec-
started a revolution which is still having profound effects N tively register triggered events were major handicaps. Major
t_he fields of optical imaging, particle trackin_g, x-ray detec_‘efforts were made to improve the precision of the then-
tion, analog storage devices, etc. Once again, one is dealing, oy tracking detectordubble chambers, multiwire drift
with a technology with multidisciplinary applications, with chambers, ett.but with only limited success. These tech-

consequential benefits as ideas generated from one app”Cﬁfques were fundamentally unable to meet the challenge of
tion area find uses in others. However, at the time of itShq «“new physics.”

invention, the potential value for particle tracking went un- The way forward was shown to lie with silicon detectors.
recognized. The emphasis in particle physics was for evegermanium and silicon detectofs the form of reverse-
larger area coveragiens of square metgrand the typical yjaseq diodes with extensive depletion regjohad been
drift chamber precision of-100um was believed adequate \;seq for the detection of ionizing radiation for over 30
for all applications’ years® Even as position sensitive detectors for particle track-
The discovery of charm, tau leptons, and beauty/botton,g  aineit with spatial resolution of-1 mm, silicon strip
particles during the pe3r|od 1192’74_19153””95 with life- geyices were already in use as beam hodoscopes, etc. The
times in the range 10°*-10"**s) profoundly changed the development of high-precision microelectronic fabrication
picture. Suddenly it was seen to be important to achievggcpnigues, the “planar process,” lent itself perfectly to the
micron-level tracking precision in small detectors close toproduction of microstrip detectors with5 wm tracking pre-
the interaction point in order to recognize events containinGision for MIPs’ A very readable account of the remarkable
heavy flavor particles, and ideally to reconstruct the trees of,;man stories associated with the development of microelec-
tronics is to be found in George Gilder's book on the
dElectronic mail: c.damerell@rl.ac.uk subject While the development of silicon microstrip detec-
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T T T S S p overlap between the domestic and scientific CCD manufac-
PR \ f / / / turers is almost nonexistent. The reason for this is partly the
‘___\\\\ X f Fa 7}/\ fact that the domestic dewc_e manufactu_r(_ars are understand-
N / v AN ably focused on the huge, highly competitive, mass markets;

\{\ \ //"' / / they have no time to deal with “nonstandard” requirements.
- SRNT RV A SV aN Furthermore, their entire design base is locked into ex-
) N7 / VA tremely shallow active layer@n order to achieve sharp im-

\ 1 . N
u i ages even in the red region of the spectruAs such, many
| + e ! . . -
k A \ ] of their device characteristics are opposed to those sought by
e PN particle tracking and x-ray detection users. The needs of sci-
____________________ N s - . . .

entific customers have been filled by highly specialized com-
FIG. 1. Sketch showin_g the principle of a two-layer pixel-based vertexpanies set up for the production of specially designed CCDs
detector for reconstructing the topolo@®V, SV, TV) of ab jet. Tracks are in small volume, with full flexibility to adapt the designs for
labeled according to their parent vertices. o .

each specific application area. In one or two cases, research
laboratories in which CCDs are heavily used have developed

tors was being pioneered by the CERN-Munich part of thdheir own integrated circuit processing capabilities to the
ACCMOR collaboration at CERN, the RAL part of the same level where they are able to produce their own devices in
collaboration initiated the development of CCD particle house, but for the most part users have found it preferable to
tracking detector®.lt was quickly demonstrated that such do the design in conjunction with a commercial manufac-
detectors could perform with similar precision to silicon mi- turer having a sufficient overall customer base to maintain
crostrip detector but (being pixel based rather than using the extremely costly state-of-the-art processing facilities. In
stripg they had the further advantage of providing truefact even the best equipped manufacturers of CCDs for the
space-point information. As such, they could be placed muckgcientific community are lagging behind the state of the art in
closer to the IP with no significant problems of track merg_feature sizes, etc, when compared with the largest manufac-
ing. In contrast to these advantages, CCDs lack the fast tinfurers of computer memory chips, CCDs for domestic con-
ing capability (strobed coincidence logiof microstrip de-  Sumer products, etc. This will always tend to be the case,
tectors with independent readout electronics on every strigdiven the relative sizes of these markets. Nevertheless, by
In the ACCMOR experiment NA32, a pair of CCD detectors comparison with silicon microstrip detectors, the market for
followed by six planes of microstrip detectors formed a pOW_scientific CCDs is relatively large and multidisciplinary, and
erful combination, allowing the determination of the shortestthe production facilities are highly sophisticated. Thanks to
charm particle lifetimes ever to be measuté@ver the en- this fortunate state of affairs, the particle tracking/vertex de-
suing decade, microstrip detectors have found the morkector community has access to devices whose complexity
widespread applications, particularly for general purposéar outstrips the home grown in-house detectors which for-
b-quark tagging. However, CCD detectors have continued téherly characterized high energy physics experiments. Fur-
provide state-of-art vertex detection where experimental conthermore, the sophistication of available devices is evolving
ditions were appropriate. Microstrip detectors, being projecfapidly, carried along by the ongoing pace of developments
tive devices, are limited to environments with a relativelyin the planar technology of microelectronics.

low density of hits, while CCD detectors, being pixel based,

can accommodate far higher hit densities. While microstrip

detectors, used mainly as particle physics tracking detectord: CCD TRACKING DETECTORS: OPERATING

are dependent on scientific users, CCDs, being suited to teRINCIPLES AND PERFORMANCE
recording of two-dimensionaRD) information such as op- A. MIP signals in thin silicon detectors
tical images, have an enormous user base, including domes-

L . . . The advantages of solid state detectors for high-
tic still and video cameras, medical and dental x-ray appli recision particle tracking have been vividly apparent since
cations, astronomyvisible light and x rays synchrotron P b 9 y app

radiation, etc. Without this broad market, such complex de:[he days of nuclear emulsions. Electrons released by the ion-

vices would never have been developed for the small particl|zat|on process are confined extremely closely to the particle

. . . rajectory. Silicon has the further advantage that, due to its
tracking/vertex detector community. While the assemble(imalII band gagl.1 eV), MIPs generate prolific signals- 80

. . YLlectron-hole pairs perm of track length. Since (as we
CCD-based instrumentsp to 100 CCDs and 300 Mpixgls shall see in Sec. Il Pthe CCD output signal processing per-

the overall market provided by particle physics is relatlvelymits noise levels below 10@—: a detector thickness of

mlnute_. Hoyveyer, due to _the demgndmg t_ech_mcql requwe—lo_ZOMm is sufficient to achieve MIP detection with excel-
ments in this field, the particle tracking application is of con-

siderable interest to manufacturers of scientific CCDs. Th Ierlt S|gna_l-to-n0|se perfor_mance. This minimum .c.ietector
: : : hickness is far less than with other technologig., silicon

efforts to satisfy these requirements have raised the underrﬁicrostri detectonsand carries with it several distinct ad-

standing and thereafter the quality of the devices to the ben- P

) Co vantages:
efit of all classes of scientific users.
In contrast with the symbiosis between the different sci-(1) reduced probability of ejecting electrons of range suf-
entific application areas, it should be pointed out that the ficient to spoil a coordinate measurement;
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FIG. 2. Energy loss distributions for various thicknesses of silicon detector(itbach casea Laudau distribution for comparison. The separate peaks
corresponding to 0, 1, 2... plasmon excitation are already merged by a thicknesgwof. 10

(2) reduced projected track length for oblique incidenceprocedures and the new data, and finally a definitive review
(in thick detectors the precision for oblique tracks is papet® which provided the full description of the energy loss
seriously degraded of charged particles in solid silicon. What emerged from

(3) the opportunity to thin the entire detector down to thethese calculations was that the straggling spectra, while nar-
active layer thickness if desirethinning may be ex- rower than some early estimates, are much broader than the
tremely important in reducing multiple scatterjng widely used Landau distribution, the discrepancy becoming

Around 1980, when CCDs were first considered for Mipdreater for thinner detectors. For very thin sampleg., 1
detection, it was far from clear whether this would be pos-#M) the energy loss is typically characterized by the excita-
sible even in principle, with high efficiency. The quantity ~ tion of a small number of plasmons fdi-shell electrons
(the mean energy for electron-hole pair creatior8.7 eV) (with mean plasmon energy 16.7 g\Such cases are best
was of course well known: what was far from clear was theSimulated by Monte Carlo calculationS$results for a range
expected fluctuation@traggling in the energy deposition by Of detector thicknesses are plotted in Fig. 2.

a MIP for such thin samples. Theoretical estimates varied It should be noted that what the detector physicist mea-
widely, and some calculated distributions were so broad thagures is not the energy loss, but the charge released in the
high efficiency MIP detection would have been ruled out.detector. These are related Wy, with a statistical factoF
Fortunately the measuremetftfor ~20 xm detector thick-  (the Fano factarwhich expresses the suppression in the fluc-
ness demonstrated that the more optimistic earlietuations in the number of pairs created below that which
estimate¥’ had been correct. There followed papgéfé  would be given by Poisson statistics. There has been much
making detailed comparisons between refined theoreticatcent experimentsiand theoreticaf work onW andF for
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FIG. 4. Charge collection within a buried-channel CCD structure.
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FIG. 3. Temperature dependence of the pair-creation endrgysilicon. A~ p* substrate, with the top-1 um of the p layer doped by

detector operated cold will produce slightly smaller MIP signals than one ajon implantation of phosphorus, followed by thermal activa-

room temperature. . S . .
peratu tion, to becomen*. The partial depletion of the*/p region

- . o ) creates a potential minimum for storage of charge carriers
silicon. It is sufficient here to note that for the thin detectors(glectrons in this cagejust above the depth of the*/p

we are concerned with, the conversion to charge releasegfjge, into which signal electrons generated within the deple-
leads to a negligible further broadening with respect to thgjgn region of thickness-5 um will be transported by drift
energy loss distributions shown in Fig. 2. It should howeveriy the electric field. But this is not the full story. Minority
be remembered that the precise valué\otlepends weakly carriers(electrong generated in the undepletgdtype sub-
on the temperaturésee Fig. 3 reflecting the temperature girate will diffuse isotropically. Those which reach the deple-
dependence on the silicon band gap. tion edge will be drawn into the potential energy minimum.
However, those which diffuse to t@p* edge feel a poten-
tial barrier due to the thin intrinsic depletion layer; this acts
as a perfect reflector, so even these electrons continue to
Having just discussed the advantages of silicon as a pretiffuse and rapidly find their way into the storage region.
cision traCking medium, it should now be pOinted out that aNReference 19 is possib|y the first paper in which the prin_
even more compelling factor in the choice of this materialgiples of this general phenomenon were explicitly described.
for detectors has been the development of the planar process The localization and transfer of this stored signal charge
for integrated CiI‘CUit?élCS). This has allowed the production is achieved by means of two structures, an |mag|ng éma
of a huge variety of detectors bonded to, or combined on, thgnd an adjacent readout regist@®), sketched in Fig. 5.
same wafer with sophisticated readout ICs. CCDs form somgharge is confined in depth by the potential distribution
of the most advanced of the second class of detectors. Their
unique advantage for tracking lies in their ability to confine

B. CCD operating principles and general performance

. o ) hN
the signal charge within an extremely compact collection AN
volume, and then to transfer the signal packet without loss :

. . . | ¢ gates Buried n AN
onto the gate of a very low capacitance on-chip sensing tran- channel
sistor. Despite these attractions, this on-detector multiplexing p(~20um) (~1um)

N\

has its disadvantages; the serial sensing of the signals from a
large number of pixels by a single output circuit takes time.

rate output circuit for every detector element. In this review,
we focus on various particle tracking applications for which
CCD detectors have proven their superiority; these are areas
in which the above attributes are particularly important, and

CCDs are correctly seen as “slow” detectors by comparison p"\ =T
with those where the signals are sensed in parallel by a sepa- e B i @‘wy\1 pixel

|
B

28

(20x20x20
um®)

p*channel
stop

where special procedures have been devised to allow the Voo 9 10 ._L% BNENE PO{ysilicon
requirements of long readout time to be accommodated. S ,‘I"l l" l’ ‘]‘ I "] gates

Let us now understand how the very thin active layers == I} R o gates
referred to in Sec. Il A can be achieved. A CCD consists \

globally of a reverse-biased structufesually n* on a
p-type substrate on which a metal-oxide—semiconductor

Remote
preamp

(MOS) gate structure and othgr features _are Supe”mposeglG. 5. Upper right: Sketch of charge storage in a CCD detector traversed
F_'Q'Jre 4 S_hOWS the cross _sec_tlon of a typical de_\/|ce- It CONpy a number of ionizing particles. Lower left: Corner region of the CCD
sists of a lightly doped epitaxigd layer on a heavily doped showing the principal structural features.
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mentioned above. Transversely, charge confinement in thior particle tracking. As well as the papers of Refs. 3 and 4
imaging area is by means of vertical" implants(channel  describing the invention of the device, important discussions
stop regions and horizontal polysilicon gates, electrically of subsequent developments are to be found in Refs. 24 and
isolated from each other and from the substrate. By manipu25 (invention of the buried-channel architectyf® (charge
lating the potentials on these lgates, charge is transferred distribution in buried-channel device¥ (general review?®
in parallel down each column towards the output register, irffirst use of epitaxial materigf® (“pinned” operation,*
such a way that the 2D image is preserved. On each | shiffintegration of high and low resistivity regions on the same
the charge from the bottom row of the image area is transwafen,®* (review of performance limitation® (numerous
ferred into the R register. Then there is a pause of verticahovel architecturgs and®® (ideas for extending performance
transfer in order to allow this row to be read out serially limits). As well as providing a record of the extraordinary
through the output circuit at the end of the R register, afteidevelopments that have taken place since the original CCD
which the next row transfer is made. The horizontal transfeprototype(a six pixel linear device in which 1% of the signal
along the R register is achieved by a similar, independent séharge was lost in each transfethese papers provide pos-
of R¢ gates. With each horizontal transfer, the signal chargéibly valuable lessons for the future. For example, the first
from the first pixel in the R register is transferred onto theattempts to build CCDs on epitaxial material were widely
output node, a diode implant which is directly connected tapredicted to fail due to the poorer crystalline quality than
the gate of an adjacent MOS field effect transistorbulk silicon. In fact they worked much better due to the
(MOSEET). The resultant modulation of the drain current in intrinsic gettering of impurities into the oxygen-rich sub-
the FET is used to sense the signal associated with that pixeitrate. Also, the papers in Ref. 32 were largely motivated by

CCDs used for typical optical imaging are supplied with the tremendous interest in extending the performance of op-
signals of order 10e~ per pixel. The reduction by a factor tical CCD imagers to high definition televisidhiDTV) ap-
of ~100 in CCDs used for particle tracking detectors im-plications. While it remains truéas mentioned in Sec) that
poses two major challenges on the CCD design and operdbe manufacturers concerned are not interested in the small
tion. First, there is the requirement of extremely efficient, ‘scientific” market, their extraordinary R&D programs may
noiseless transport of the tiny charge packet through possibNyell provide ideas that are applicable to this market.
thousands of transfers within the imaging and readout re- A pioneering paper on the applications of CCDs to low
gions of the device. This is discussed in detail in Sec. Il CSignal level* includes the invention of a method of signal
The second major challenge is the electronic noise perfoProcessing called correlated double sampli@PS) which
mance of the output circuit and associated signal processing‘ill be discussed in Sec. Il D.
this is discussed in Sec. Il D. There is a third challenge im-  The use of CCDs for particle tracking is closely allied to
posed on CCDs used for particle tracking; they are alwayX-Tay detection. In fact, x rays provide a valuable tool for
operated in a radiation environment. This implies that havinglevice characterization, since they deposit their signals in
found solutions to the first two critical requirements, care hay/€"y compact clusters, allowing charge collection from the
to be taken to ensure that these are not destroyed by tiifferent regions of the CCRFig. 4) to be explored sepa-
operating environment. This is discussed in Sec. V. rately. Useful papers from the x-ray communityhich pro-

For clarity, what has been described in this section, andide pointers to many otherare to be found in Refs. 35-38.
what will be in the remainder of this review, is one particular
class of CCD architectures that has proved to be the mosé ch transfer effici
generally useful for particle tracking. It should however be ™ arge transter efficiency
pointed out that there are numerous other options, some of Large area CCDs are the key to state-of-the-art particle
which might be of interest in future, for example, as thetracking detectors. However, this implies phenomenally high
experimental requirements are changed. Examples of avaitharge transfer efficiencielCTE9 as the signal packet is
able options are: shifted from pixel to pixel(Note also the term charge trans-
fer inefficiency; CTE1—-CTE.) With modern devices, val-

(1) signal storage: electron® channel or holes(p chan- ues of charge transfer inefficiencyCTl) <10 ° are

nel); . : R o :
(2) signal storage: buried chann@C) or surface channel achlgved, compared with10"* with the orlgmal .deS|gns.
(SO This improvement by three orders of magnitude is the result

of great ingenuity and hard work by many people.

In considering the factors leading to imperfect charge
transfer, one should distinguish between signal electrons
which are free and those which are trapped. For free elec-
trons, charge motion on the manipulation of gate electrodes
is in general due to a combination of thermal diffusion, self-
induced drift and fringing field drift. In the case of small
charge packets such as one is concerned with in MIP detec-

The reader interested in exploring these options is retion, only the third of these is important. For gate dimensions
ferred to the extensive literature on the subject. References-10 um typical of three or two phase CCDs with 20n?
20—22 are books which provide comprehensive discussiongjxels, fringing field drift can provide CTE=99.999% at
Ref. 23 includes a pedagogical description of CCD designslock frequencies up te-100 MHz. High speed operation is

(3) substrate material: epitaxial or buland in each case, of
what resistivity?y,

(4) phases per pixel: options range fronf\irtual phasgto
4,

(5) “pinned” operation for reduced dark current;

(6) charge sensing other than the “floating diffusion” sys-
tem (see Sec. VI A
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dependent on strong fringing fields, which provided one of Polysilicon Mtérphase  Surface passivation
the original motivations for moving from the surface-channel oxide ~1 Pixelw  807M
to buried-channel architecture, under the name peristaltic 03 ¢2 ¢t silicon

itrid
CCD3 (Note also the term bulk channel, which is again | | | nitride

synonymous with buried channgel.

Regarding charge trapping, transfer inefficiency results
from atomic impurities, crystal defects, etc. within the stor-
age volume, which trap electrons from the signal packet for a p-type expitaxial silicon
sufficiently long time that they are lost from their parent
packet as this is transferred along the CCD register. Again,
the early surface-channel devices were particularly subject to
such losses, as the electrons of the signal packet interacted 80 nm
with the continuum of “interface states” at the Si/Si@h- 1um n-type silicon
terface. These give rise to energy levels that populate the silicon implant dioxide
entire band gap and can trap electrons with a huge range QTG. 6. Gate structure of a modern three-phase CCD register designed to
trapping time constraints. Switching to buried-channel de-avoid potential wells due to radiation-induced charge buildup or other spu-
vices greatly reduced this problem, although one was thefous charge in the dielectric or surface-passivation layers.
dependent on the bulk properties of the material. Due to
impurities in the starting material and/or those introduced inpotential pockets in the literaturevithin or between gates,
processing, bulk trapping in early CCDs was often seriouswhich can act to inhibit complete charge transfer; their effect
Positively charged traps can have “giant” cross sections forcan be particularly sevefeven catastrophjdor small signal
capturing signal electrorf§;gold was a particularly danger- charge packets.
ous impurity. Trap-induced CTl is at its worst for small sig- One most important lesson has been the great impor-
nal packets, since in such cases the storage volume will biance of defining the buried-channel potential over the full
constant(being defined by the electron thermal energy andsensitive area of the device. This is achieved by carefully
the shape of the potential welivhereas for large signal processing the gates to ensure full overlap at the etkpss
packets the charge density will be constagiven by the Fig. 6). However, excessive gate overlap increases the ca-
concentration of charged donors in theechannel. pacitance to be driven, and hence worsens the clock

Trap densities in modern CCDs have been reduced tfeedthrough problem. By using modern processing equip-
extremely low levels so that, even for small packets of a fewment and procedures, it is possible to achiev2 um gate
hundred electrons, CTE99.999% is attainable under favor- overlaps safely.
able operating conditions. The quantitative discussion of The importance of finite overlaps, and the need to check
charge trapping is deferred to Sec. V, since in practice théhoroughly that these have been achieved over the entire area
only traps that pose serious problems in well designed andf each production device, is illustrated by a problem that
fabricated modern tracking detectors are those induced barose in testing large CCDs for the SLD upgrade vertex de-
radiation damage. tector. The device quality contr@QC) included illumination

The progress to the present state of excellence is rewith ~4x 10 x rays from ar*®Fe sourcéthis yields the Mn
corded in a number of important papers. Charge transfer fok « line with energy 5.9 keV, generating 1600e™ signal
free electrons was first considered in Refs. 41 and 42, in thelusters. Looking along every column of the CCD sepa-
context of surface-channel devices. In Ref. 43 the effect ofately and setting a threshold a little below e peak, the
bulk traps is buried-channel CCDs was considered theorethit rate versus | address could be studied. For a well behaved
cally, and experimental techniques for CTE measurementECD column the rate would vary slowly over the range |
were established which are still used. The theoretical treat=0 at the R register to=+2000 at the remote end of the
ment in terms of the Shockley—Hall-Read generation-image area. In some cas@ee Fig. 7 one would observe an
recombination theofi#*° (SRH theory, is taken up in Sec. abrupt fall in hit rate at some | address, and this would usu-
V. The potentially disastrous effect of interelectrode gapsally affect only one column; the neighbors would be perfect.
was treated in Ref. 46, and the vital role of temperatboéh ~ The problem went undiagnosed for a while, until a particu-
as a diagnostic aid and in determining the optimal operatindarly bad batch exhibited blockage of several adjacent col-
conditiong regarding bulk traps was discussed in Ref. 47.umns at the same | address. Microscopic examination of the
The specific case of CTE at low signal levels was discussedrea revealed the cause. Due to localized overetching, the
in Ref. 48, and the effects of carrier freeze out, which in-nominal overlap between gates was transformed in these ar-
crease dramatically below 90 K, were discussed in Ref. 4%as into a ragged gap, as seen in Fig. 8. Such a feature would
An important study of the theoretical modeling of CTE in then expose the buried channel to fixed charges in the gate
buried-channel CCDs at low temperature is found in Ref. 50pxide, interface oxide, or polyimide passivation. This charge
the dependence on pixel clocking rate is treated in Ref. 51could of course create a local disturbance to the channel

As well as effects related to free charge transport angbotential, sufficient to block or trap small signals. The fact
signal trapping, there is a third class of effect which canthat CCDs normally work so well in terms of charge transfer
degrade CTE in unirradiated devices. Due to design or proef signals as small as a few electrons is due, not to some
cessing defects, there may exist potential wéllso called near-magical uniformity of the channel potential, but to the
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FIG. 7. Hit rate as a function of the | address along a few columns havinJ]UCIear emulsions, and in some ways superior, €.g. as re-

significant traps. The trap location can be precisely determined by the shari@ards spa_tial prec?sic)n bUt.this granU|ar_ity carries with it
fall in hit rate. the potential for microscopic defects which can cause local-

ized performance problems. For the most part, it is not how-

Poole—Frenkel effett which (through quantum mechanical €Ver necessary to study intensively each pixel. Being read
tunneling effectively drags electrons out of small irregulari- ©Ut in @ column-based architecture, studies of the behavior
ties between the gates of either the imaging or readout reé;l_lon_g_ the length of each column generally suffice to uncover
ister. It is in fact quite reassuring to observe the scale ofignificant problems.

device imperfections that do cause problems for small-signal

operation; such processing faults can certainly be address@&l Output signal processing

and largely eliminated. There will inevitably be much

smallgr potential variationg.g., due to sl'lght fluctuations in single layer efficiency=99%. This is particularly the case
the thickness of the gate oxiden all devices, but these are . .
for a vertex detector, since the measurement from the inner-

t('—.':\_lll_téelr:)ﬂs); well below the threshold required to cause aMmost layer is especially valuable and, if lost, cannot be fully

Such experiences demonstrate the importance of higée;fcec::\;zred by the outer tracking, due to multiple scattering

statistics test data in establishing the performance of thesé Achieving such a MIP efficiency with a 20m active

devices for particle tracking. CCDs provide data of unprec—layer thickness is a significant challenge. Measurement of the

mean signal < 1600e™) would be quite straightforward, but
as discussed in Sec. Il A, this is considerably broadened by
straggling, on top of which a MIP cluster is typically divided
between three or four pixels, even for tracks with normal
incidence to the CCD surface.

Assuming the CTE complexities discussed in the previ-
ous sections are under control, one may take as a starting
point the noiseless, lossless transfer of the originally col-
lected pixel signal charge to the output node of the CCD.
The function of the output circuit is to convert this charge to
a voltage that can be digitized in the front-end off-CCD elec-
tronics. In tracking detectors, the requirements for noise per-
formance argby the standards of scientific CCPmodest
(=100e™ rms, whereas astronomers requirtelOe™), but
the readout needs to be fd& register clocking rates in the
region 10-100 MHg These atypical requirements create
some complications but make it possible to bypass others.

Nearly all currently used charge sensing circuits are of
the “floating diffusion” type, shown in Fig. 9. The circuit
comprises an output gate, an output diode for charge collec-
tion, a reset transistor T1, and an output transistor T2 oper-
ated as a source follower. Conventionally, the “output
node” (output diode plus T2 galds reset to a reference
voltage Vrp by pulsing T1 into conduction prior to each
transfer of signal charge. The change in the node voltage on
FIG. 8. Photomicrograph of the CCD imaging area in a region of high trapSignal charge transfer, sensed by the source follower, then
density. The ragged gate edge due to overetching is clearly visible. provides a measure of the charge. This is repeated for each

The aim with any tracking detector will be to achieve a
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pixel in the array. Johnsofand other noise in the circuit
leads to random fluctuations in the output voltage, and

thereby sets a limit on the minimal detectable signal.
A major potential noise source arises from ‘“reset ] Early
noise,” fluctuations in the voltage on the output node when - = ne B

the reset transistor is turned off. In magnitude this amounts
to

kT 1/2
(C—) rms V,
n

where C, is the node capacitance, and can amount to
>100e™, which would be quite unacceptable. This noise
source is conventionally eliminated by the technique of cor-
related double samplingCDS),3+°2 which essentially con-
sists of measuring the voltage level before and after each
transfer, and recording the difference. This is intrinsically
slow, and can be avoided completely in particle tracking de-
tectors, where the data density is always so sparse that one
can integrate the signal charge from the entire R register,
resetting the node only at the end of each row. The signal in
any pixel is then simply the voltage difference between the
sample for that pixel and its predecessor.

The secondand now unavoidabjenoise source is that
associated with the drain current flowing in transistor T2,F!G. 10. Extended row filter operating on a row of CCD digitized data.

. . . Whereas both overlapping samples register a hit when “on time” for valid
which generally has both white andfldomponents. As will i this never happens for the pickup/noise spike.
be referenced at the end of this section, much progress has
been made in optimizing the MOSFET design to minimize
the 1f and other undesirable noise sour¢eg., due to hot has been solved by integrating a second stage on-chip source
electrons creating avalanche current near the drain in devicdsllower as shown in Fig. 9, with transistor T3 having a
operated in saturationFor tracking systems, the problem is channel width approximately 10 times that of T2, and hence
again simplified. Modern on-CCD FETs havd hbise cor-  with a sufficiently low impedance to drive the load capaci-
ner frequency< 200 kHz, so at the readout rates we are contance connecting to the front-end ampilifier.
cerned with, only the white noise floor due to the Johnson  The procedure of resetting the node only at the end of
noise in the FET channel resistance is important. each row has permitted an important noise-suppression fea-

The CCD node capacitane®, can be divided into two ture, called extended-row filteringRP),>® which can be un-
componentsCy the detector capacitance a@} the FET  derstood by reference to Fig. 10. The principle is that
gate capacitance. The FET is usually designed to minimizevhereas a valid signal creates a step in the node voltage,
the equivalent noise charg&NC) which implies making pickup spikes or rarémany standard deviatipmoise fluc-
Cy=Cy; see Ref. 33. This is an example of a completelytuations will normally be restricted to one sample. The com-
general noise optimization theorem, as discussed in Ref. 54lete row of data is digitized on the front-end electronics
Putting in typical experimental values for FET performanceboard, and the signal associated with each pixel is taken to
parameters from Ref. 33, the rms noise associated with thige the minimum of two overlapping samples as shown in
output transistor, in the case where the signal is integrateBig. 10. These two samples will be closely similar for valid
through the interpixel period, with a pixel clocking fre- data, but one of them will be-0 (and hence cause the global
quency of f; MHz, is given by ENG=0.91fY°CY? e,  estimate to be discarded as below threshaidthe case of
whereC,, is in fF. Below ~5 MHz, this formula becomes noise. This procedure has recently been further reffhed
increasingly inaccurate as thef Ioise becomes significant. leading to extremely low noise rates even from a detector

The procedure for noise minimization is thus primarily system of>300 Mpixels.
to reduceC,,. Vast progress has been made in this area, with  Key papers in the long evolution to the present spectacu-
values of 25 fF being currently available and 10 fF ulti- lar noise performance of CCDs that should be consulted for
mately possible. For a readout frequency of 50 MHz, themuch more detailed discussions include Ref. 57, a pioneer-
former value would give ENE32e™ rms, more than ad- ing review of all CCD noise sources. References 58 and 59
equate for MIP detection with full efficiency. established the advantage of the buried channel as opposed

However, the ongoing reduction in detector capacitanceo the surface-channel MOSFET as regardsnbise, includ-
matched by the output FET capacitand®y reducing the ing the limits ofVpg andlp necessary if that advantage is to
channel widthWg) carries with it a serious penalty; the out- be maintained. Valuable general reviews of the performance
put impedance is proportional toW[ . In order to achieve limitations in CCDs, especially as regards output circuit
the required bandwidth for high sample rates, the load canoise, are Refs. 31 and 33. In general, while much of the
pacitance must be correspondingly reduced. This problertiterature is related to noise optimization for applications

-1
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80 X 16 mm? Active area drive pulses and the sensing of the output voltage. The prob-
lem is partly on-chip but much more importantly in the front-
end electronics. Sensing mV-level signals in the presence of

y : 3 ~ 10V fast clock pulses has proved extremely difficult. The
<= | > way forward probably relies on some developments in CCD

_____________ J'r_____________ architecture and changes in the front-end electronics. A
<= ! = promising approach appears to be to generate the R pulses
i Vo i locally to the register of the CCD, taking care with wire

\ t bonds and the trace layout on the CCD itself. It may even be
10f4 <300 um Bond pads possible to operate with balancégpposite-phagesinusoidal
Output (2 2mm from clock signals to minimize higher harmonics. This will in-
nodes long edges)

volve some special features to inhibit R register transfer dur-
FIG. 11. Basic architecture of a modern particle-tracking CCD. The paralleing the I-to-R shifting between rows.
register(l registe) shifts signal packets to each end of the device. A serial In genera| an increasingly intimate link between the
ister (R registey at each hifts signal packets to a pair of output L . . .
L?r%'jitesr( registey at each end shifts signal packets to a pair of output -~y jagion and the front-end electronics design promises to
open up important new horizons in the overall capability of

such as astronomy where the requirements are rather diffetrr-]ese detectors in the near future.

ent, the progress made has frequently been directly appli Tracking performance

cable in extending by a factor of 200 the frequency range .
over which one can meet the noise requirements for Mip B the late 1970s, CCD development was at the point
tracking detectors. The first efficient MIP detection wasWhere their quality(uniformity, noise performance, efc.
achieved at an R clocking frequency of 50 kHz. Similar Made them valugble tools for astronomy. Particle signals had
noise performance can now be achieved at 10 MHz. been observed in a related devighotodiode array<® al-
though limited to the enormous charge disposition from 5.5
MeV « particles; the noise performance would not have per-
mitted MIP detection.

The simple postage stamp sized CCDs with single out-  The first observations of MIP detection in CCDs came
put, as sketched in Fig. 5, have long been superseded lbyom astronomefé:®2who saw cosmic ray signals as a back-
more advanced architectures. Figure 11 shows a recent eground present particularly when they operated their instru-
ample of particular interest for tracking. It is 10 times largerments in telescopes at high altitudéus ruling out back-
than early device§ideal for constructing a large area detec-ground radioactivity as the source of these signals
tor) but compensates for thién terms of required readout Following a theoretical evaluatiohthe first measurement of
time) by being subdivided into quadrants that are read out irefficiency
parallel. The placement of the bond pa@dong the short (>98%) and precision +5 um) for MIP detection was
edges of the devidewas selected to permit a full-coverage made in a CERN test beatfiFigure 12 from Ref. 10 opened
multi-CCD geometry, and the dead regions along the londghe eyes of the HEP community to the potential for physics.
edges were minimized for the same reason. In short, th&ith 17 hits over 1 mrhand no problem of cluster merging,
availability of affordable fully customized designs has trans-it was clear that such devices could provide the basis for
formed the possibilities for developing detectors truly tunedpowerful vertex detectors. This development encouraged a
for particular requirements. number of other pioneering experimental studies with a va-

As well as the general layout, the devices can also beiety of CCD architecture®~%7all using off-the-shelf optical
customized as regards the gate architecture. Generally threienaging devices available at the time.
phase clockingas in Fig. 9 is preferred for the imaging The features of narrow band-gap and planar processing
area, but two-phase operation, with symmetrical clock pulsebave already been mentioned as advantages of silicon CCDs
to minimize feedthrough to the analog-output, is advantafor MIP tracking. There are in addition:
geous for the R register. The noise performance and off-chuel) use of a relatively lowZ material;

drive capability of the output circuit can be designed with the,_* "=~ " . o . . i
possibilities outlined in Sec. Il D. This device was designed(z) intrinsically single-sided processirgniike some track

with four output ports, but a feature developed for other ap- ing detectors hence they can be thinned by mechanical

plications that will certainly be valuable in future CCD track- 3) fdpgé?gte signals from only 2@m of material

ing detectors is that of multiport readout registénsth no '

loss of active area The experimenter can thus balance theThese features represent particularly important advantages

desired readout time against the volume of front-end elecfor vertex detectors, in which multiple scattering in the de-

tronics, which scales with the number of channels. tector layers is frequently a limiting factor in the topological
One vital topic will need to be addressed as clockingevent reconstruction.

speeds are further increased. Despite the comments in Sec. In order not to be swamped by dark current, particle-

II D, it has so far proved impossible to come close to a 50tracking CCDs are generally cooled. Depending on readout

MHz readout rate with<100 e~ rms noise. The reason has conditions, quite modest cooling from room temperature

been a serious level of interferen@eosstallk between the R (e.g., to 0 °Q might be adequate in some applications, but as

E. Device architectures
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FIG. 13. MIP cluster signals from a large area CQiata from the SLD

along with the pixel signals from a generous surrounding
region of interest8x 6 pixels total for every trigger pixgl
The aim is to efficiently find clusters even in cases where the
signals are split uniformly over a>33 area, as sometimes
happens. Microprocessors look at the data from all these nu-
merous “regions of interest,” assemble clusters using the
data from pixels neighboring the one which triggered the first
pass filter, and accept the cluster if a more robust cluster
threshold of~250 e~ is satisfied. Figure 13 shows the clus-
ter signal distribution for MIPs from such a detector. The
entries in Fig. 13 are guaranteed MIP signals by the fact that
the clusters have been subjected to a further offline filter;
they are located on fitted tracks from a three-layer detector.
In this way the prevalent backgrounds in the experimental
conditions(due to x-rays, etg.are excluded from the plot.
FIG. 12. One mrfiof a CCD in a MIP test beam with every pixel of o2 11iS two-pass approach with final adjudication by a cluster
being read out. No threshold: Gray scale indicates the signal amplitude ithreshold permits essentially 100% MIP detection efficiency
each pixel. to be achieved with very high noise immunity, as is essential
in systems consisting of several hundred Mpixels if problems
will be discussed in Sec. V, radiation effects can be greatlpf data storage are to be avoided. In the absence of signals
suppressed by much more substantial coolimgd tracking from ionizing particles, this signal processing leads<t60
CCDs are always operated in a radiation environmehit ~ accepted noise clusters per CCD, of 3 Mpixels, a totally neg-
CCD tracking detectors so far used have been operated in thigible level, and some of these accepted clusters are surely
temperature range 150—200 K, which of course has implica-real” (due to background radioactivity, excDetails of this
tions for the mechanical and other design details, as mersignal processing procedure are described in Ref. 56, and
tioned in Secs. Il and IV. Despite some early misgivings,references therein.
this has not caused significant problems; it has in all cases
been possible to engineer simple cryostats of extremely low|. FIXED TARGET EXPERIMENTS
mass which have been entirely adequate for the experimentg\l
requirements. '
Early MIP signals, while generally confirming the more As discussed in Sec. |, the purpose of the CCD tracker
optimistic theoretical estimates of charge deposition referredvertex detectgrwithin an experiment is to resolve tracks
to in Sec. Il A, suffered from tails on the low side of the from secondary and tertiary vertices from those coming from
distribution which were identified with process defects in thethe primary interaction vertex. As noted in Sec. Il F, current
devices available at the time. The improvements in proces€=CD tracking detectors give a point measurement precision
ing quality since then have been impressive. Figure 13 showsf ~5 um (by taking a simple centroid of the digitized data
the MIP signals from a large CCIbf the layout shown in  from a cluster of 2620 um? pixels). Of course, what is
Fig. 11 being read out at 5 MHz, where the scale isrelevant for physics is not the precision at the detector plane,
~30 e”/, analog-to-digital convertefADC) count. The but that achieved after extrapolation to the interaction region
electronic noise in this detector was60 e~ rms, or 2 ADC  (IR) close to the primary vertexPV). By arranging CCD
counts. The now-standard signal processing procedure codetector planes approximately at distandemd 2 from the
sists of effectively a two-pass approach. The locally digitizedPV, the typical precision at the IR will be 7 um. For low
signals are transmitted in real tim@y multiplexed optic momentum tracks, multiple scattering in the first detector
fibers operating at 1 Gbiydo a rack of signal processing plane will degrade the precision, whereas for high momen-
electronics adjacent to the overall detector. In the first pastum tracks the precision may be better than this, since infor-
(also carried out in real time during readpuetddresses of mation from more remote detectors can further refine the
pixels which satisfy a low threshold are provisionally stored,extrapolation. At first glance, an impact parameter precision

Detector design
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vi T nal wafer thicknes$350 um) this implied a negligible mul-
10 N tiple scattering penalty, again thanks to the effect of the Lor-
entz boost on the momenta of the decay particles.
The final advantage of the fixed target environment is

5 /U_J ] the easy access to the detectors. In these conditions, radiation

[ - - damage is not a major problem. The entire CCD detector
system could easily be replaced once or twice a year; this
was the practice followed in the NA32 experiment. In view
- of their favorable characteristics, the only reason why CCDs
have not been more widely used in fixed target experiments
(particularly for charm photoproduction, where the condi-

(mm)

Target

-10 |- - tions would be extremely cleaseems to have been the rela-
fg&ﬁ%ﬂs and cebz tive unfamiliarity of these devices for tracking applications.
0 | ! CCD tracking is not only of interest for vertex detection.
0 10 20 30 Their very high precision can be exploited in constructing a
(mm) z compact high resolution spectrometer, in cases where the

FIG. 14. CCD vertex detector for a fixed target im@ih32). Dat angular and momentum range happen to be small, so that

.14, vertex detector for a fixed target experi . Data : : .

are fast shifted into the quiet regions above and below the spectrometéﬁrge area ‘?OVeIaQe IS_ not required. An example'ls a very

aperture for CCDs 1 and 2, respectively, prior to readout. high resolutione™e™ pair spectrometer currently being pre-
pared as part of a SLAC experiméiit.

of <10 um appears to be more than adequate. Other than foé Readout architecture
low momentum parent particles with Lorentz bogst<1, '
the mean value of the impact parameter of a decay tfthek In contrast to the physical advantages noted in Sec.
amount by which the extrapolated track misses thgi$P Ill A, a disadvantage of the fixed target environment was that
approximately 0.@7; 220 um for B decays and 10@m for  the central region of the CCD active area was traversed by
charm. However, the desirable precision is far below thes¢he high intensity primary beam. Consequential radiation
values, since some tracks will by chance pass close to twdamage problems could be minimized by defocusing the
possible vertices, all distributions have significant tails, etcbeam in the horizontal dimensidia beam profileH XV of
In fact the experience to dafand this applies equally to the 8x 0.3 mnt was used in this experimentout the hadronic
collider experiments discussed in Sec) I¥ that the physics damage resulting from this bedypically 1¢f particles/spill
reach is substantially increased as the vertex detector qualignd a spill rate of 0.083 Hznecessitated exchanging the
evolves; even today one falls short of anything like overkill CCDs every six months or so. The nature of the radiation
in this aspect of the experiment. damage effects will be discussed in Sec. V. Another conse-

Due to one particular advantage, high energy fixed targejuence of the beam traversal was the continual generation
experiments provided the first environment in which siliconduring the spill of a huge number of hits in the active area of
vertex detectorgboth microstrip detectors and CCDsere  the CCD. Given the nonavailability of a true fast clear or fast
able to make a contribution to heavy flavor physics. This idatch feature on a CCD, these hits threatened to obscure the
the simple fact that in the Lorentz transformation from thewanted data. A procedure was therefore devised to minimize
center-of-masg$c.m,) to the lab system, the majority of the this problem; the CCDs were clocked throughout the beam
solid angle is compressed into a relatively small forwardspill in the so-called fast clear mode. This consisted of a
cone. Thus general purpose multiparticle spectrometers asequence of | shifts at 1.4 MHz so that the image was con-
typically long detector systen{sens of meterswith modest  tinuously shifted into the R register and dumped. Since only
(~2m) transverse dimensions. By using a well focusedhe remote one-third of each CCD was needed to cover the
beam on a thin solid target, and by placing the silicon trackspectrometer aperture, it was possible to use the additional
ing detectors close to the target, very modest area coveradgeight of the device as a parallel analog storage region. On
was required. Thus, the two-CCD vertex detector used imeceipt of a trigger, the fast shifting continued until the re-
ACCMOR experiment NA3Z covered the entire spectrom- quired image region was in a “parking area” adjacent to the
eter aperture with only 0.4 ¢imof CCD area even in the R register. Figure 15 illustrates the idea; an event generates a
downstream detector plarisee Fig. 14 pattern of hits in the readout ar¢marked X); these stored

As well as concentrating the relevant solid angle in adata are shifted vertically upwards/downwards in CCD1/
limited forward cone, the Lorentz boost provides a furtherCCD2 into the parking areas. The CCD drive sequence
bonus, plenty of space to the side of each active detectowould then be changed to normal read mode, until the event
plane for frames, readout boards, cables, etc. With the masad been read, thereafter reverting to fast clear and releasing
sive local electronics required for the early detectors, thighe deadtime. During the relatively slow readout, the rows
space was an essential requirement. Thus for the NA32 exraversing the beam position vertically would encounter very
periment, the only significant material generated by the CCLhigh occupancies, but such regions could never contain valid
detector in the aperture of the experiment were the two layerdata due to the system deadtime. In fact to keep conditions in
of silicon. Even without thinning the silicon below the origi- the parking areas even cleaner, a small kicker magnet was
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CCD1 This was an onerous undertaking, involvifig the case of
QUIPU! g - CCD detectorsaround six years of intensive R&D work.
* X, }Parking area
o o xX
e .
.o .... . IV. COLLIDING BEAM EXPERIMENTS
Readout‘ :_Lf_"__., o= x2X__ ] Beam A. Detector design
area | | T X X ;—:__)?7 region . .y . .
Y] | _ | . . The main advantage of colliding beam experiments is
Y . the availability of c.m. collision energies far beyond the
o reach of fixed target experiments, and hence access to new
Parking area { X XX, physics processes. Against this overriding advantage, there
XS > are two main disadvantages. The first is the need for large
CCD2  Output solid angle coverage in all detectors, and the second is the
Node fact that particle momenta are typically much lower than in

FIG. 15. CCD readout scheme for experiment NA32. Shown is a beam'éhe boosted fixed target environment and hence multiple

eye view of the two CCDs of Fig. 14, with a relative sideways displacementscattering in tracking detectors is serious.

between the CCDs for clarity. Regarding these problems, it seems at first glance that
the ideal vertex detector would consist of a series of concen-

used to dump the beam far upstream Of the ACCMOR detric th|n Sphel’ica| She”S. But the faCt that the beamS are

tector during readout, but this was barely necessary. contained in a cylindrical pipe, and the advantages of placing
the first detector layer as close as possible to the IP, lead

inevitably to a cylindrical geometry for the innermost layer.
C. Physics performance From time to time there has been interest in using quasi-
spherical shells further oye.g., the“lampshade” geometry
Ipéjt optimized mechanical designs generally lead to a series
f nested cylindrical barrelémade as thin as possiblaith

The NA32 experiment with the CCD/microstrip vertex
detector provided some of the cleanest charm reconstructio
of any detector system. Figure 16 shows one of the firs? ) . .
charm decay events seen in the CCD-based vertex detectc?‘rt.""bIe mechanical supports at the ends. For m|crostr|p'detec-
The event-related hit density in the upstream detefoly tor systems there may be an argument for short cy[lnders
12 mm from the IPwas~200/mn¥; no other class of track- plus “(_andcap” detectors{plqnes_ normal to the bea!“ dlr_ec-_
ing detector could come close to resolving hits at anything}'on) since the track precision is <_jegraded for _obllque incl-
like this density. As can be seen, the beam-related hits in thigenhc_e' CCD 9Ietecttc;rs alre”essentla}llly free of th|shpr0ble_m, ISO
experiment made a negligible additional contribution to this'" S ¢ase, “long barrels” generally constitute the optimal
occupancy. design, unless one had some special reason for coverage at

Given the harmonious conditions for CCD-based VertexveryBsrT;]agg(E)lar angleds. d for the SLD
detectors in the fixed target environment, the only reason to ot vertex detectors constructed for the ex-

move out of this arena was the physics importance of pmperlment(called VXD2 and VXD3 have consisted of con-

cesses at c.m. energies that could only be accessed at colliggntric barrels composed of “ladders,” the basic building

ing beam facilities, and the need for heavy flavor identifica—elements of these detectors. For VXQir which work

tion in studying such processes. It was the overwhelmingStarted in 198 available CCD(area~1 cnf) limited the

interest in such high energy processes that accounted for tigVerage severely. This detector is described in Ref. 70.

requirement to develop vertex detectors able to face the ma@ven the rapid progress with CCD developments, it became

jor additional challenges of the colliding beam environment.posSible in 1994 to. start design and construction for a new
detector, VXD3, using much larger{12 cnf) full custom

devices of the general architecture shown in Fig. 11. A full
report on this detector has recently been published Ref. 56,
so the details can be omitted here. Points of general interest
are as follows.

First, the CCD design included features of importance
for the mechanical construction. The on-chip circuitry was
specially arranged so as to permit the sawn edge of the de-
vice to be within 300um of the edge of the active area,
along the long edges of the CCD. The wire bonds were all
located along the short edges, and displaced away from one
edge to permit the ladde(Fig. 17 to be tiled in each barrel
0.2 04 06 08 1.0 with small azimuthal overlap between adjacent active areas
(Fig. 18. The active surface of each CCD was overlaid with
evaporated aluminum squares ob660 wm? on a pitch of 3

FIG. 16. Tracks from the IP and from a nearby charm decay in the NA32M, which were used as fiducials for purposes of optical
vertex detector. The frame size i<l mn?. alignment.
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CCD Fiducials Flex-Circuit Cryostat
Fiducials Support shelt
OQuter CCD / Cos6=0.9
3 Barrels
3 N =
< / (Kapton/
Inner CCD Copper
Beryllium stripline)
substrate
North End South End

FIG. 17. Two CCD ladders that formed the basic elements of the SLD
vertex detector VXD3.

The very thin, flexible ladders were mechanically stabi-
lized by being firmly clamped at each end in the overall Gas
beryllium support structurésee Fig. 19 Due to the need to outlet
allow for controlled movements as a result of thermal cy-

Faraday Beam pipe Gas inlet

ge and gas shell Micro—connectors
and striplines

cling, the mechanical design incorporated a judicious ar- 0 5 10
rangement of stress-relief featurediding joints and elasto- cm
meric adhesives FIG. 19. Cross sectiofside view of the VXD3 detector.

Since the total power dissipation in the cryostat due to
the readout of the 307 Mpixels detector was oriL5 W,

the detector could easily be maintained at its operating tencharge is collected promptly on external preamplifiers, is not
perature ¢-180 K) by a gentle flow of cold nitrogen gas.  an option available in a CCD detector. Thus all background

during the readout is integrated with the signal. In principle,
B. Readout architecture an equivalent of the kicker magnet used to kill the beam in

. . . . fi i I . This i icularl
Having established the desired general mechanical del-?(ed target experiments could be used Is Is particularly

. : . imple if the background comes mainly from beam—beam
sign for collider vertex detectors, let us consider the readoui teractions; one needs only to displace the beams out of
requirements. Unlike the fixed target applications, the fu”collision during readout. This is of course ruled out in high

fC?D ?rearlkmust rbe ,‘,‘Se‘i' Ziids at%tlve dtﬁ/tecrtor;i tEer: |§[hno S?O r‘iagger rate conditions by considerations of deadtime. The
ora parking area outside the active region. As the col ;¢ widely used approach is to permit full-luminosity op-

”def energy s increase.d,' the nged for high Iuminosity Iead‘?eration throughout the readout and, if a second trigger oc-
to high trigger rates. This is particularly true for “discovery” curs, to simply continue reading until the corresponding full

physics, where energy deposition in the calorimeter syste ame has again been acquir@kadtimeless operatipn

may be small,_anq the energy threshold for a trigger is lim- In practice, CCD detectors are ruled out at hadron col-
ited only by noise in the calorimeters. Therefore any detecttzL

needs to operate in a deadtimeless or short deadtime mo iders for tvyo reasons. First, instantaneou; rates are exces-
In cases of high background rates, it is obviously desirable t ve. pesp|te the largep total cross s_ect|on, _and corre-

: . %pondlngly the enormous rate of “minimum bias” events,
mcorp_orate a fast gqtlng F:apab|I|ty S0 as to .Iatch the da_t ese colliders have to run with very high luminosity in order
associated with the triggering event. This requirement, easil

. . X . P have a reasonable rate for the tiny fraction of interesting
met in most high energy physics detectors where the SI9N%vents. Second, CCD detectors would have inadequate life

expectancy due to their sensitivity to hadronic radiation dam-
Supportshell 70 age (see Sec. Y. Note that this situation is quite different
= from the fixed target hadron beam experiments, where ex-
changing the CCDs every few months is neither too costly
nor inconvenient. Nested barrels of detectors-df n?, bur-
ied inside thousands of tons of other delicate equipment,
need to be far more robust.

Ine*e™ colliders, the hadronic backgrounds can usually
be reduced to a very low level, so the radiation environment
is generally tolerable. However, the instantaneous rates at
high-luminosity machines such as tBefactories now under
construction would also rule out CCDs on grounds of occu-
pancy. For the high energy e~ colliders(LEP and SLC, at
the present the hit rates can easily be accommodated. The
huge beam pipe at LEP was a major drawback, and indeed
all vertex detectors there have been constructed with the sim-
FIG. 18. Cross sectiotend view of the VXD3 detector. pler silicon microstrip technology. SLC, with its much

ladders
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smaller beam pipg2.5 cm, compared with 10 cm in LEP r¢ Impact parameter r z Impact parameter
L . 250 250

originally, §ubsequently reduced to 5 grprovided a mucr_l _ o VXD2 o VXD2

more hospltabl_e environment for vertex detegtors, an(_j W|t_h it 00 o VXD3 {200 L o VXD3 |

a greater physics potential than LEP for a given luminosity. E

In fact, the SLC luminosity has been considerably lower than = 150 |- J150 L _

at LEP, and for this reason the heavy flavor physics results .§

from the two machines have been of quite similar quality, up g 100 | {100 |- -

to the present time. What was really needed for physics was c

the LEP luminosity with the SLD vertex detector. 50 |- 4 50 oo ]

At SLC, the time structure of beam bunch crossings at 8
ms intervals lent itself to a convenient CCD detector readout 0 : 0 : :

10t 10° 10" 102 107 10° 10" 10?
Momentum (GeV/c) Momentum (GeV/c)

architecture. Note that the front-end electronics could all be

located outside the cryostdFig. 19 using thin copper—

kapton flex circuits for the connections to the CCDs. Defaultg|g. 20. Measured impact parameter resolution as a function of track mo-

operation consisted of fast clearing between beam crossinggentum for tracks at co8=0 for VXD2 and VXD3 compared with the

(analogous to the fast shifting used in the fixed target enviMonte Carlo simulations.

ronmeny, so that the CCDs were relatively background free

on receipt of a trigger, followed by standard readout duringfour orders of magnitude demonstrates the degree of which

which the background of the succeeding 25 beam crossingse performance of this detector is understood and simulated.

was accumulated. The performance for a typical event is shown in Fig. 22.
The generation of CCD drive pulses, the amplification ofWhen the IR region is magnified, displaced vertices can be

the analog signals, and the digitization of those signals alseen clearly; this was an event of typ&—bb.

took place in the front-end electronics boards mounted A great deal of heavy flavor physics has emerged from

within the aperture of the SLD central drift chamber, at smallthis experiment; see Ref. 71 for recent reports.

polar angle below the region of tracking. The digitized sig-

nals were multiplexed onto fast optical fibers and processe¢ RADIATION DAMAGE IN CCD TRACKING

remotely, as discussed in Secs. 11 D and Il F. DETECTORS
A. Introduction
C. Physics performance CCD tracking detectors will inevitably be operated in a
Key features of the VXD3 detector that placed it in a radiation environment, a situation also encountered by users
different category from the competition were of imaging CCDs in industrynuclear, x-ray and electron

microscopy, for examp)e for space-based optical and x-ray
(1) a small SLC beam pipe, hence small inner-barrel radiugelescopes, etc. Radiation damage in these complex silicon
(28 mm); devices is therefore relevant to numerous application areas
(2) thinned CCDs on beryllium substrates, giving thin lad-and has been studied for many years. Reference 72 provides
ders(0.4% Xo); a particularly valuable review. Despite being 17 years old, it

(3) @ good lever arm from first to second layer, allowing remains the most comprehensive general paper on this sub-
precise extrapolation to the IR. ject.

The performance of such a detector is best described by the Despite these extensive studies, there is no simple pic-
impact parameter precision for tracks extrapolated to the |pure that summarizes radiation effects of concern to all CCD
as function of momentum. Results for this detector and for

its predecessor VXD2 are plotted in Fig. 20, and can be 10° — : ‘ ; 10°
parametrized approximately as

33 10 10t
Orgp™ 14.09 m oum,

10° 10’}

33
0,,=26.59 m mm.
In each projection, the impact parameter precision with = ;2
VXD3 is at least a factor of 2 better than has been achieved
with competing microstrip detectors at LEP. Given the low
momentum of tracks in the*e™ collider environment, the 10" L.

. . . . . —20 —-10 0 10 20 —-20 -10 0 10 20
multiple scattering term in the impact parameter formula is Normalized xy Impact Normalized z—DOCA

of the greatest importance. FIG. 21. Data(pointd and M Carlo(hi 3 distribut ‘i
: 0 . . 21. Data(pointy and Monte Carlo(histogranm distributions of the
qukmg at th.e data frord _)hadrqn d.eca.lys '.” the SLD impact parameter with respect to the IPZRh—hadron decay$VXD3 de-
e>.<per|ment, the |m.pact parameter distribution is comparegctor in the SLD experiment The tails on the positive side are due to
with Monte Carlo(Fig. 21). The remarkable agreement over heavy flavor decays.
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Run 33544, EVENT 6476
27-APR-1996 06:05
Source: Run Data Pol: R
Trigger: Energy CDC Hadron
Beam Crossing 1215252296
Track Properties
0.167 <P < 50.000 GeV /
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FIG. 22. End view of a detector with a reconstructed event of K}beba

users for two reasons. First, the uses made of these devicaad holes generated by ionizing radiation wfthr a biased
are highly variable. To a particle physicistho is interested CCD) drift in opposite directions. The electrons have high
in the tracking precision given by the centroid of a MIP mobility and are rapidly drifted into the bulk silicofiNote
clustepy a 10% loss of signalas long as it be slowly varying that the drift direction would be opposite to this in the case
across the detector apeaould not be serious. To an x-ray of ap-channel devicé.The holegat temperaturex 150 K)
astronomer, using the cluster signal amplitude to determinfave sufficient mobility to drift within minutes to the oxide/
the x-ray energy, such a degradation would be disastrousitride interface, where they have a significant probability of
Second, the radiation sensitivity depends strongly on the opbeing trapped. For devices operated at much lower tempera-
erating conditions, such as integration time, readout speedures(e.g., liquid nitrogen temperaturthe holes may remain
etc. These conditions may be imposed by external factoressentially static within the oxide, but occasionally warming
peculiar to a specific application. For example, the limita-the detector would permit them to drift to the oxide/nitride
tions on operating temperature and power dissipation ointerface or(if not trapped thereto be neutralized at the
space-based systems are likely to be more restrictive than i0CD gate electrodes.
terrestrial applications. In addition to fixed positive charge buildup within the
In this section, an attempt is made to focus on the issuegielectric, ionizing radiation causes an increase in the surface
relevant to the particle tracking/vertex detector applicationstates(interface statésat the oxide/silicon interface. These
leaving aside issues of great importance to other users. interface states are primarily acceptorlike in the upper half of
the band gap, and donorlike in the lower half. In a depleted
n-channel device, the Fermi level leaves the donors neutral

B. Surface damage and the acceptors belok; negatively charged. So the inter-

Let us consider the typical case of archannel CCD
with dielectric consisting of equal thicknesses of gi&hd

face charge partially neutralizes the delectric charge, which
is one reason why-channel devices have higher radiation

SisN4. The oxide layer has a band gap of 9 eV, and a meatolerance(for ionizing radiation than dop-channel ones.

energy for electron-hole generation of 18 eV. The electrons

Numerous procedures have been devised over the years
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for reducing the radiation-induced charge accumulationthreshold energy of-200 keV, determined by the minimum
(“*hard oxide” technology. For a typical moderm-channel  energy transfer of~20 eV required to displace a silicon
CCD with oxide and nitride layer thickness each 80 nm, theatom from the crystal lattice. Electromagnetic radiation al-
radiation-induced  shift in flat-band voltageVeg is  \ways results in “point defects,” simple complexes of vacan-
~100 mV/krad for devices irradiated under bias. Devicessjeg (V) and interstitial atomsI{. The interstitials are be-
with reduced_ dielectric.thickne.s(sbut still good yield and nign and immobile, but the vacancies diffuse through the
stable operationare available withAVeg~10 mV/krad, and  ¢rystal until they form a complex with some atomic inclu-
another factor of 10 reduction has been achieved in experiions. In the phosphorus-dopedayer, they nearly always

mental devices. o form a SiE center, an acceptorlike P—V complex which lies
The effect of the flat-band voltage shift is to progres- _ g 45 eV below the conduction band edge.
sively raise the potential of the CCD buried channel. If this Bulk traps can adversely affect the dark current, charge
Zh'f; t(ajxcgedsVﬁ v ("?" aftfe r ? dt(;]se Oft 20t krads with stan- collection efficiency, and charge transfer efficiency. Even in
ard device); charge transfer to the output no@ehose po- heavily irradiated CCDs, the excess dark current can nor-

tential, set byVgp, does not drift up will become ineffi- mally be dealt with by modest cooling. Given the thin epi-

cient. Vgp can be raised to compensate, implying also ar ..., layer (~20um) from which the MIP signal is col-
increase invpp to preserve the output circuit gain. This can lected, the requirements made on minority carrier lifetime

continue untilVpp reaches the limit set by overall voltage are not severe and there is essentially no problem with
breakdown. With the development of the pyrogenic CCD o . y P
charge collection into the potential wells. However, once the

hard oxide procesS the practical limit for ionizing radiation . .
is >1 Mrad, which is entirely adequate for all CCD vertex electron charge packet starts its long journey to the output
node (possibly several centimeters,2000 pixels, the situ-

detector applications contemplated to date. SRR ;
The flat-band voltage shifts are greatly redudegi- ation is far more dangerous. At every location where the

cally by a factor of 10 if the CCD power is off during charge packet is momentarily stor@hd there are threg such
irradiation. In collider applications, where the main back-'ocations for every pixel of a three-phase CClere is a
ground is accumulated during machine tuning, this at firsfinité probability that some of the signal charge may be
looks like an attractive option. However, as we shall seelf@Pped, leading to loss of charge transfer efficiency. In order
bulk damage effects are much more dangerous and the§9t to seriously degrade the signal-to-noise performance, the
occur regardless of whether the CCD is biased or not. Théverage CTI of a tracking detector in a large instrument
inner layers of a vertex detectésitting just outside a virtu-  should typically not exceed-10"*.
ally radiation-transparent beryllium beam pigee uniquely For hadronic irradiation, the situation is more complex,
vulnerable; no external radiation monitor will provide a use-SO let us first consider the case of a CCD that has suffered
ful dose measurement. It is therefore prudent to keep thBulk damage from electromagnetic radiation, and whose
detector operating at all times during accelerator operation; fi-channel is randomly populated with a single type of bulk
should be run in fast-clear mode outside of data taking peritrap. These acceptorlike defects have a high probability of
ods, using the induced signal current to monitor the radiacapturing signal electrons which come within their electrical
tion, and have an interlock to shut off the accelerator if thissphere of influence. This situation is described by a restricted
exceeds a safe level. The increase in flat-band voltage shift gase of the general SRH theory of carrier capture and emis-
a small price to pay for the vital protection against unacceptsion from traps, in which only capture and emission of elec-
able bulk damage. trons from/to the conduction band play a part. Hole capture

As well as causing flat-band voltage shifts, the interfaceand emission are irrelevant since we are concerned with traps
states produced by ionizing radiation act as sources ah depleted material. This situation has been considered by
electron-hole generation, i.e., increased dark current. In HERarious author§347:0
applications, there is no reason not to design the tracking Let us first take a qualitative look at the situation. As the
detector for operation at cryogenic temperature, thereby resharge packet is transported from gate to datiéhin a pixel
ducing the dark current to completely negligible levels. or between neighboring pixglsvacant traps that lie within

Reference 74 provided the first insight into radiation-the storage volume of the charge packet will tend to capture
induced surface damage in CCDs. Other papers which deslectrons. If the traps are already fillé€ither fortuitously,
scribe the important early progress in dielectric hardeningiue to the passage of an earlier signal packet, or deliberately
techniques are Refs. 75-81. Reference 82 provides a valtor this purpose by the injection of an earlier “sacrificial”
able review and report on recent developments. charge packef they will permit the signal electrons to pass
undisturbed. Also, if the signal packet is transported at a
sufficiently high clock rate that the dwell timg, under any
gate is small compared to the trapping time constantthe

The term bulk damage refers to permanent radiationsignal electrons will pass. Also, if the trap emission time
induced changes to the crystalline structure of the bulk siliconstantr, is small compared with the clock pulse rise/fall
con. Most relevant for CCD particle detection are thetime 7., the trapped electrons will be reemitted in time to
changes to tha-type channel within which the electron sig- rejoin their parent charge packet. Only if electrons are
nal charge is stored and transported. Bulk damage can beapped and held long enough to be redeposited in the next or
caused by electromagnetic radiation, for electrons above kater potential well, does the process contribute to a loss of

C. Bulk damage
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CTE. This is evidently a multiparameter problem with some 0.0020 T T T T
room for maneuver. 2
Let us now look at the process quantitatively. & 0.0016 |-
Assuming all traps to be initially empty, the CTl is given %
by £ 0.0012 [
N 2
F N T 2
CTl=> ij—"[l—exp(—r) . & 0.0008 |-
=1 Ng Te g
Ng is the number of phases per pix@ for a three-phase § 0.0004 -
structure. )
0.0000 L

F; is the fill factor for phase, i.e., the probability that a
trap in the charge packet storage volume will become filled
during the dwell time.

R _ FIG. 23. Effect of ionizing radiation damage on CTI as function of operat-
Fi=1-exp—7g/7c). ing temperaturg®®sr 8 sourcg (from Ref. 83.

100 140 180 220 260 300
Temperature (K)

For most cases of practical interestis ~10 ns andF;

may be taken to be unit\N,, is the trap density anbl, the o o
signal charge density, is a function of the signal size. For For hadronic irradiation of CCDs, because of the much

very large charge packets=(L(Pe") it is approximately ~greater nonionizing energy lo$slEL) _factor?3'84the dam-
equal to then-dopant concentration, but for signdlg in the ~ 29€ rates are greatly increased, as is the complexity of the
MIP range one finddl.x 1/N, since the signal electrons oc- damage process. Charged hadrons such as protons have a
cupy a constant volume determined by their thermal energ{'9€ Cross section for Coulomb—nuclear scattering with suf-

and the three-dimensional potential well in which they are icient energy transfer to the struck silicon atom to not only
stored. The CTE for small signals is correspondinglydiSplace it but to generate a cluster of further displacements.

reduced? Neutrons have smaller interaction cross sections, but they
Now induce nuclear disintegration which creates even Iaroger dam-
age clusterghaving dimensions typically hundreds ofiga
_exd (Ec—Ey)/KT] stroms in longitudinal and transverse dimensjoriEhese
Te™ o7 Xm0 nNe ' clusters constitute highly disordered regions within the crys-

] ) _ tal, and may be a source of mobile vacancies, divacancies,
The terms in the denominator are in turn the electron capturgic |y the heavily doped CCD channel, after hadronic

cross section for that trap type, an entropy factor, the electropaiation the majority of active defects are againESten-
thermal velocity, and the effective density of states in theters, but there are additional significant trap€at-0.4 eV,

conduction band. The numerator tells us that for shallowygjieved to be the divacancy¥),® and shallower traps at
traps(or high temperatuner, is likely to be short and, con- E.—0.30 and—0.12 eV85#Protons are the most damaging:

versely, for deep traps and/or low temperaturesis likely  Fig 24 shows the CTI resulting from an irradiation with the
to be long. In fact, for deep traps and appropriate cIocK,ery modest dose of 3:610° 10 MeV proton/cri. The ef-

times, by reducing the temperature, one can sweep the CTlct of the lower level traps is to extend charge trapping into
through its full range from approximately zeksince the

charge is reemitted into the parent pixel during the drive

pulse risetimgto 3N, /N (for a three-phase COand back 102
to zero, as all traps are filled by some long preceding delib-

erate or accidental charge packets to have been clocked out

of the device. Figure 23 nicely illustrates this point. This 6x104 |-
demonstrates the growth in CTI due to irradiation of a CCD

with a radioactiveB source. The density of $-centers in- = “
creases, but the effect on CTI can be minimized by operating %4’(10
at or below 190 K, where the trap emission time becomes g
adequately long. For this trap, the emission time constants at o

210, 190, and 170 K are 69 ms, 1.06 s, and 31 s. The deg-
radation in CTI below 160 Keven before irradiations not
seen in later CCDs from the same manufacturer. It probably
represents an artifact of the register design or processing of
this particular device. In practice, one can normally reduce
the operating temperature to85 K before the CTI rises to
~10 * at the onset of “carrier freeze out,” the trapping of
signal electrons by the phosphorus donor ihshis effect

sets an effective lower limit to the useful operating temperag g, 24. Effect of hadronic radiation damage on CTI as function of operat-
ture of n-channel CCDs. ing temperaturé10 MeV proton$ (from Ref. 85.

2x10*

10'4 ] ! | ) | ! ] ! | 1 ]
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the low temperature region, so the problem of degraded CTIadiation effects in one CCD design, comparing electromag-
no longer has a clear solution by cooling. netic, neutron, and charged hadron irradiation, with particu-

While these proton damage results are of great importar attention to the operating conditiortslocking, charge
tance for their particular application aréspace-based x-ray injection interval, and temperatyrecovering the region of
cameray they probably give a pessimistic impression for theinterest for particle detection. It should be noted that very
conditions relevant to particle detection systems for twohigh clocking rates for the readout register §0 MHz) are
main reasons. First, these results refer to very low signaénvisaged for this environment in the future. This will pro-
densities, so the benefits of the long trap emission times atide a significant suppression of CTl in this register due to
low temperature are not exploited to the extent possible in &e fact thatry will no longer be much larger thar, so the
particle physics experiment. Second, the only hadronic bacKill factor discussed in Sec. VC can be far from unity.
grounds likely to be significant at st e~ collider are neu- Equally important as these systematic studies of radiation
trons leaking through the shielding. There is evidence thagffects is a serious evaluation of neutron background condi-
neutrons may be much less harmful than would be inferredions likely to be encountered at the futieee™ linear col-
from these proton data. Taking the standard NIEL factor, thdider (the next major application area for a large scale CCD
data of Fig. 24 correspond to an equivalent dose of 1 Mewertex detectgr This work will reveal if there are any prob-
neutrons of X 10'° n/cm?. Yet there are measurements on lems with the continued use of currently available CCDs in
n-channel CCDsburied channg@] which demonstrate CTI this field. Should there be difficulties with the anticipated
~107* for 3x 10" n/cn? at a temperature of 140 ¥.In neutron fluxes, there may be considerable room for improve-
these measurements the time between charge packets wagnts in the CCD design, as will be discussed in Sec. VI.
only 10 ms, but there is evidence that at this temperature
there was little CTE degradation by increasing this time to
10 s. There is the further difference that the neutron studie§|. FUTURE PROSPECTS
have all been made with large signal packets, but from Ref, o
82 the degradation in CTE going from larger signals down ™ Developments in silicon CCDs
packets of~1000 e~ was only a factor of 2 in material Globally, the market for CCDs for scientific applications
irradiated to 60 kradbeta source Therefore the sparse mea- will continue to grow, and to underpin the development of
surements of the effect of hadronic damage on CTE in CCD#arger, faster, thinner, more radiation-resistant devices. Gen-
are not internally consistent to better than a factor of 100. leral developments in the silicon planar process for the mass
is possible that the simple application of the NIEL for market(e.g., to feature sizes of 0/Am and below will filter
proton/neutron comparison is not valid. A low density of through to CCD processinirst to mass market devices,
massive damage clusters may be less hartfdulCTE) than  and finally to the scientific market Those interested in
a high density of small damage clusters. Improved experibuilding CCD tracking detectors will of course profit from
mental data are urgently needed. all these developments. Despite the small scale of this mar-
ket it is likely that its role can continue to be much more than
that of passive “users” due to various factors.

Due to their long readout time, CCDs are not applicable  First and foremost, as physicists, these users have a natu-
as vertex detectors in continuous high flux environmentsal interest in the operating principles of their detectors and
such as the LHC. They would also be completely ruled out irare always thinking of novel architectures and operation
such an environment due to the high hadronic backgroundnodes, some of which have proved to be of general applica-
CCDs have a proven record in fixed target experimentdility. Second, working in a field that pushes the limits of
(where the incident beam can be interrupted during the readinalog and digital electronic processing, high energy physi-
out) and in thee™ e~ linear collider environment, where the cists are well placed to advance the readout possibilities of
interval between bunche®r between bunch trainsallows  these detectors. During the past 20 years, the most important
time for readout. In both these environments, radiation dameontribution by CCD tracking detectors to other fields has
age effects have so far been modest. In the fixed target etreen the speeding up of readout withl00 e~ rms noise
vironment, given the small number of CCDs required, theyfrom 10 kHz to 10 MHz. Work is already underway to
can simply be exchanged at intervals of six months or so. Foachieve another factor of 10 speed enhancement. Third, as
the e"e™ collider, with reasonable care over beam condi-physicists with an excellent knowledge of the effects of ra-
tions, the detector lifetime can be many years. diation on materials, this community is very active in efforts

For the futuree*e™ linear collider, the backgrounds to improve the radiation hardness of a wide range of silicon
may be substantially higher. The dumps for secon@dny™ detectors including CCDs.
pairs, for beamsstrahlung, and for the residual main beam are This review article has concentrated on the device archi-
all significant sources of neutrons. At this stage, it is nottecture that currently has provided the most successful par-
clear if any of these could cause problems for a CCD verteicle tracking detectors. However, this picture will continue
detector. As we have seen, there is an apparent discrepantty evolve, and it may be useful to at least mention current
between the radiation damage data with neutrons and witR&D which could open up new opportunities for tracking
protons as regards charge transfer efficiency, so the actudektectors.
performance limits for a CCD detector are far from clear. Regarding spatial precision, the current values of

What is long overdue is a comprehensive study of the~4 um are normally adequate, particularly since the IP im-

D. Discussion
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pact parameter precision is dominated by multiple scattering 1000 p—r——r T = 7] 100
for most tracks. Should higher precision be required for
some particular applications, there are good prospects of
achieving it. Reductions in readout noigliscussed later in
this section and/or increased signal through greater active
layer thickness are feasible. It has long ago been established
that, as regards sensitivity, the pixel-to-pixel uniformity of
CCDs is generally so good that submicron@.1 xm) pre-
cision in centroid finding is achievable. Submicron precision
has been demonstrated both with defocused star images for
satellite guidance systefffand with x ray$° and could un-
doubtedly be developed for MIP tracking if required.
Regarding radiation hardness, the performance for ioniz- 1 T T
ing radiation is generally more than adequate, but the bulk 10K 100k 1M 10M  30M
damage picture for neutron irradiation is somewhat con- Frequency (Hz)
fused. This needs to be carefully studied with standard mod-
ern devices, plus variants that have been developed for irff/C- 25 Noise spectréLH axis) of (a) surface-channel antb) buried-

. [ . ._channel devices as used in the SLD experim@ntThe performance of a
creased hardness to proton irradiation. The most promlsmgdrrently available state-of-the-art desigd)—(f) The corresponding CDS
variants are those which reduce the signal charge storaggise performancéRH axis.
volume, by higher levels afi-channel doping and/or narrow
or supplementary channéf$®! Such variants have reduced
charge storage capacity compared with standard devices, by used for particle tracking purposes, but with such noise
MIP signals are a factor of 100 below these lev@ically performance, one could reduce the thickness considerably
10°e "), so this is certainly not an issue. More speculatively,@nd still expect adequate S/N at high clocking frequency.
one can consider whethprchannel devices would have im- It should also be noted that the possibility has recently
proved hardness with respect to neutron bulk damage. The§merged of incorporating a fast-clear capability in frame
have been shown to have good resistance to ionizin%a”Sfer CCDs, without loss of MIP efficiency. The idea is to
radiation®® and their hardness to hadronic irradiation will Puild gated antiblooming drains, allowing clearing times be-
soon be measured, given the expanding markets fdPW 1 .S, in devices with reasonably thi¢R0—-30um) ep-
radiation-resistant CCDs. itaxial layers. A MIP traversing the drain region would lose a

As well as n- and p-buried-channel CCDgplus the small fraction of thg signalthat ir\ the depletion re'giOrbut
surface-channel options which are probably not of use ady reference to Fig. jAcould still be detected with 100%
tracking detectops the junction orpn CCD offers another efficiency by thug of .the S|gna}l coIIe.cted py diffusion from
interesting category of devicd&® For applications such as the undeplete_d ep|ta>_<|_al material. This option would only be
x-ray detection, they have some advantages and some disd§2!ly useful in conditions where the background could be
vantages(see Refs. 38 and 94 for recent reviews of gach Switched off(e.g., by a kicker magneturing readout.
and it may well be that there is a niche for these devices in
some tracking detector applications.

Finally (and most importanton the shopping list of de- . .
sirable CCD upgrades is the question of improved responsivB' CCDs in new materials
ity of the output circuit, and hence improved signal-to-noise  Despite their many advantages for particle tracking, it is
(S/N). This interest is driven not so much by the requirementclear that silicon CCDs have certain limitatiorispeed,
of more precise signal measurement at current clocking freradiation-hardnegswhich rule them out in some areas. In
guencies, but by the need to achieve similar performance aome casessee Sec. VI € conditions may dictate radical
much higher speeds. There is an ongoing impressive praion-CCD solutions, but there may be situations in which
gram of node capacitance reduction within the present floateurrently available CCDs are ruled out, but in which much
ing diffusion plus source-follower output architecture, with ahigher speed, more radiation-resistant CCDs would be appli-
limit of ~10 nF being achievabf&.Figure 25 illustrates the cable.
improvement in high speed noise performance with some In these cases, GaAs CCDs with GHz rate capability and
recent realizations of this architecture. Beyond this, the=xcellent radiation hardness can be considered. The ongoing
“floating surface detector” of Brewéf has been refined and progress with band-structure engineefingpuld in principle
named the “double gate floating surface detectdP.In this  lead to some very favorable device characteristics. After
latter paper, spectacular responsivity (22@/e~) and noise some remarkable early progress, reviewed in Ref. 98, these
performance (0.5e7) are reported at a pixel clocking fre- developments seem to have lost momentum. Even if imaging
guency of 3.6 MHz. In this beautiful architecture, the signaldevices with the required performance become available, the
charge is stored beneathpatype conducting channel of a application to particle tracking will not come easily. The
surface-channglenhancement mogleutput FET. There are requirements of large area coverage, minimal thickr@ss
some design issues regarding implementing such a structuradiation lengths and mechanical robustness all raise sig-
on CCDs with the relatively thick active layers convention- nificant barriers to the use of this material.

100 |-

ENC (e’ RMS)

—
(=]

Noise at CCD output node (nV/Hz'")
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C. Active pixel sensors crafted circuitry built once on the periphery of a CQWith
essentially no space constraintew occupies real estate in

clearly ruled out(for example, at the LHC where beam- every pi_er and is repeated maybe a million time;. To da}te
crossing rates and hadronic radiation levels would be pro-C'vIOS imagers have established a role as relatively noisy

hibitive), the needs for pixel-based tracking detectors musfi(_evice_S in low cost_imaging_applications_, where integra_tion
be met by a radically different approach; the active pierW'th signal processing circuitry is more important than im-
sensorAPS). age quality(e.g., in robotic control systemmsHowever, since
APS devices have for many years been suggested to dig?e minim.um photolithographic feature size has decreased
place CCDs as the preferred technology for opticalSince the invention of the CCD fromy 10 to ~0.1um, the
imaging® While it is clear that every technology has a finite possibility for greatly increased integration of logic within

life expectancy, the dominant technology at any given time@ch pixel is rapidly advancing. It may well be that the
is very difficult to displace. This situation was nowhere bet-Poundary line between these classes of imager will move in

ter illustrated than in the history of CCD imagers. Since theif@vor of APS devices in the future, but this is not yet clear.
invention in 1970, they consistently failed to find a signifi-  Much of the problem with APS devices relates to their
cant market in video cameras for 15 years; the vacuum tubferior noise performance. One idea for dramatically im-
devices were continually refined and remained ahead dffoving this is by integrating an avalanche photodiode
CCDs throughout this period. While there are very exciting/APD) into a pixel imager. The drawback of APDs has been
developments taking place with MOS APS devices, and alPOOr gain stability, but there are procedures for introducing
ready they are the technology of choice for certain low cosfegative feedbac® which could solve this problem. There
(and low image qualityapplications, they have a long way "emain serious issues of crosstalk between neighboring cells
to go to catch up with modern CCDs for high quality imag- due to light generation in the avalanche process; here again
ing purposes. This may well happen over the next decade, iifiere are possible solutioff¥’ This is an area with vast po-
which case APS particle tracking devices will be able totential, but it could be a slow development process.

profit from that large market, as silicon CCDs currently do.  There have also been pioneering developments of mono-
But in the meantime, the particle tracking APS devices ardithic APS devices for particle tracking/x-ray detectitfi.
being developed specifically for this very challenging appli-However, the APS systems currently u§8d'°and those
cation area. under developmeht™*2for particle tracking follow a rather

The key characteristic of these devices which will permitdifferent approach. Being hybrid devices, they consist of a
them to function in areas where CCDs are prohibited is locafimple array opin diodes as the detector elements, using the
charge sensing circuitry in every pixel. This naturally per-same technology as silicon microstrip detectors. To this are
mits fast gating of the signals; and the freedom from transbonded readout chips with relatively complex processing
porting the signal charge through large distances in the semiogic in each pixel, and consequently large area pixels-
conductor eliminates the overriding radiation softness of théently up to 16 um? aiming for ~15 000um? in the fu-
CCD technology. There are two main classes of APS desigriure, compared with 40am? for CCDs. These devices, de-
monolithic and hybrid. In the monolithic desigand this is ~ signed for very high rate operation, use a column parallel
the class pushed for imaging applicatiptise detector vol- —architecture. A hit pixel sends its row address to a clocked
ume is integrated on the same IC with the readout electrorshift register at the edge of the active afeae register per
ics, while in the hybrid approach, a detector chip is bumpcolumn, in which this information is shifted, to be latched
bonded to a readout IC. The latter architecture is in som@nd transmitted off-chip in the event of a level-1 trigger be-
respects simpler to engineer, and all the pioneering APS déng received at a standard delay { us) relative to the trig-
tectors currently in use or envisaged for particle tracking argering event. Major challengeggompared with the optical
based on the hybrid technology. APS detectors fall outsidé\PS devices are presented by the small MIP signals and
the scope of this review, but should be mentioned briefly byhigh rate operatior(25 ns bunch crossing intervalAs a
way of explanation of the complementary application areagesult, present designs have relatively high power dissipation
between these devices and CCDs as pixel-based tracking de=1 W/cn?, approximately 100 times that of a CCD detec-
tectors, now and in the medium-term future. tor).

Numerous monolithic APS structures have been shown The combination of relatively large area pixels, much
to have capability for optical imaging, including the ampli- greater thickness, and high power dissipatinich neces-
fied MOS imager (AMI),'°° charge modulation device sitate additional material for coolingnakes APS devices
(CMD),*%* bulk charge modulated devid8CMD),'%? base  relatively unattractive, compared to CCDs, as vertex detec-
stored image sensdBASIS), % static induction transistor, tors. They should and will be used in areas where the high
(SIT)!%* and a variety of complementary MQEMOS) sen-  crossing rate and/or radiation background completely ex-
sors, e.g., in Refs. 99 and 105. Typically, the unit cell ofclude CCD vertex detectors, such as at the LHC. In the long-
these devices consists of a photodetection volume coupled term future, it is certain that ongoing developments in IC
a few transistorgfor readout, selection, and regedll these  technology (particularly in photolithographic feature sjze
devices have the advantage with respect to CCDs that thill lead to major improvements in the performance of APS
signal charge does not need to be transported through thesrtex detectorghybrid or monolithig even in these harsh
silicon, but the disadvantage that some or all of the carefullyexperimental conditions.

In particle tracking applications where silicon CCDs are
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Dead Region Targets for key to the discovery of new heavy particleéS8USY or oth-
CCD  =<40um optical survey erwise just as vertex detectors at the CDF played a vital role
\ °°°°° N / i in the discovery of the top quari® For the future Linear
ﬂ’ °°°°°°°°°°°°°° U Collider (which could be running on a timescale of around
/ 2005 an ambitious R&D program is expected to lead to a
Beryllium substrate Kapton/Copper C-C-:D_Bilsed vertex detgct_or W|t_h spec_tacular phys_lcs capa-
(Omega-beam) stripline bility. ~** The key to achieving this physics potential is to get

FIG. 26. Conceptual two CCD ladder design for a vertex detector at thdeally close with the inner layefradius ~10 mm and to
future International Linear Collider. The beryllium omega-beam substrate iseduce(to ~0.12% X;) the layer thickness even below that
no thicker than that for VXD3, but it is over 50 times more rigid. achieved at the SLD. The conceptual ladder design is shown

) ) in Fig. 26, and an isometric view of the overall detector in
D. Discussion Fig. 27

The use of CCDs in fixed target experiments can be The first of these aims depends on ongoing close coop-
expected to continue in miscellaneous application arearation between the accelerator designers and the detector
where high precision, and/or high granularity are requiredohysicists. At the present time, fully detailed studies of the
over a modest area. Tricks such as the division of the devicux of background radiation at this machtfiesupport the
into an active area and a parking area will continue to allowpossibility of achieving this ambitious goal for the vertex
clean operation in apparently hostile conditions. Howeverdetector radius; the physics payoff is impressive. The re-
with the high energy frontier having passed irrevocably intoduced layer thickness relies on CCD developments that have
the arena of colliding beam machines, the scope for newnostly been made in recent years for other application areas;
fixed target experiments is likely to continue to diminish, andsee Ref. 114 for a full discussion.
with it support for advanced detector developments. The major background seen by this detector will be

In the collider environment, APS devices will provide e*e™ pairs produced by the beam—beam interaction. Even at
the only possible route to pixel-based vertex detectors in théhe smallest radius, the radiation damage effects from this
hostile environment of hadron colliders, but the high energybackground are modest. Therefore as regards radiation dam-
e*e” linear colliders will continue to provide a natural niche age this machine will be quite benign, provided that the vari-
for CCD-based detectors. Both for precision Standard Modebus sources of neutron backgrougehich emanate from the
physics and for discovery physics at such a machine, highadiation dump areagan be controlled. The main challenge
quality vertex detection will be essential, and probably thein moving so close to the IP is sorting out the background hit

4

Suggested layout of Vertex Detector o0
for future e* e” Linear Collider

Scale:
Barrel: 1 L = 50mm
R =12mm

Ladders

Barrel 1 Barrel 5
L = 50mm L = 250mm

Gasket seal

Beam-Pipe CCDs (fitted to inner
: Stripline surfaces of Ladders) Chris Damerell
e : Rutherford Appleton Laboratory
P e age — Flex-cirouits May 1996

and Faraday Cage

FIG. 27. Cutaway isometric drawing of the suggested five-barrel vertex detector. All associated electronics are external to the cryostat, in the small-angle
region below the limit of tracking.
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FIG. 28. Active area of the silicon vertex/tracking detectors as function ofFIG. 29. Number of channels in the silicon vertex/tracking detectors as
time. Microstrip detectors retain the capability of largest area coverage. function of time. CCD-based pixel detectors retain the capability of finest
granularity, but APS detectors may come close in the long-term future.

rate in the event reconstruction. This will be minimized by
running the readout electronics faster by a factor of 5 tharPwn work with CCD-based detectors, this has been carried
has been achieved to dafgixel clocking rate of 50 MHg ~ out over the past 20 years with many colleagues drawn
As discussed in Sec. VIA, there are several options fotargely from the ACCMOR collaboratiofCERN), the SLD
achieving this goal, although it will involve a significant collaboration(SLAC), and the CCD group led by David Burt
R&D effort over the next few years. The most promising at the General Electric ComparGEC) (UK). Too numer-
approach is probably to generate the balanced two-phase ®!S to mention by name, their comradeship and brilliant
drive pulses locally to the CCD, possibly with a sinusoidalideas have made this work an adventure and a source of deep
wave form to minimize higher harmonics, and to use a highsatisfaction. | thank them sincerely, hope they have all en-
sensitivity (three-stageoutput circuit. There are idegstill ~ joyed it as much as | have, and can assure them that the best
to be provenfor achieving the I-to-R transfer while preserv- has yet to come!
ing the sinusoidal R clocking.

Figure 28 illustrates the area coverage of varioulNOMENCLATURE

leading-edge tracking detectors in the silicon microstrip,ACCMOR: Collaboration working at CERN in the
CCD, and APS technologies as a function of time. Microstrip "70s and '80s

detectors remain in the lead, with APS detectors set to overgpy)- amplified MOS imager

take CCDs on the LHC timescale. Seen in terms of numbergpp. avalanche photodiode

of channelqFig. 29 the picture is different. CCDs are far in
the lead and are likely to remain so in the foreseeable future.

As regards vertex detectors, one valid rule is “small is beau- i 1 '
tiful,” at least as regards the inner layer radius. This is illus- 70 |-
trated in Fig. 30, which shows that ongoing pressure on the e0 L
layer thickness and beam-pipe radius have paid off in phys- & i
ics reach in thee*e™ linear collider environment, and this 2 50|
trend is set to continue in the next generation of these ma- § -
chines. § 40 B

In short, CCD tracking detectors with 10° pixels and ﬂg 30 |
~0.1% Xy /layer will provide state-of-the-art heavy flavor g -
identification well into the next millennium. Only in environ- < 20 |-
ments where backgrounds are excessive will they need to be & 4 [
displaced by less precise alternative technologies. i

0
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BASIS:
BC:
BCMD:
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surface channel

phosphorus-vacancy complex in bulk sili-
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static induction transistor
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SLAC Large Detector
Shockley—Read—Halltheory of genera-
tion recombinatioh

supersymmetry theory of elementary par-
ticles

SV:
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TV:
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secondary vertete.g.,B decay poink
on-CCD transistors

tertiary vertex(e.g., charm decay following
B decay

top quark, antiquark

vacancy in silicon crystal

initial and upgrade vertex detectors of SLD
neutral vector boson

low frequency transistor noise

speed of light

detector capacitand@ode-substraje
gate-source capacitance of first stage out-
put transistor

overall detector node capacitanceCy(
+Cy)

positron, electron

charge on electron

energy level within silicon crystal

Fermi energy level

energy level of conduction band edge
energy level of trap

energy level of valence band edge

Fano factor

pixel clocking frequency

fill factor for trapping under CCD phage
(j=1..Np)

horizontal dimension

drain current

Boltzmann constant

effective density of states in conduction
band

signal size(number of electrons

number of phases of CCD register per
pixel

signal charge density

bulk trap density

particle momentum

absolute temperature
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drain—substrate voltage

drain—source voltage

electron thermal velocity

flat-band voltage

reset voltage

change in flat-band voltage

entropy factor for bulk trapping

mean electron-hole pair creation energy
channel width(of output FET

radiation length

atomic number

particle velocity/velocity of light or radio-
active (electron emitting source

total particle energy/mass

cross section for electron capture by a bulk
trap

impact parameter resolution ing plane
(normal to beam direction

impact parameter resolution inz plane
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(containing beam direction and track direc-
tion)

0: particle direction(polar angle relative to
beam directioh

To! signal trapping time constant

Te! trap emission time constant

Tg' dwell time of signal under gate

T clock rise—fall time
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